ABSTRACT The objective of this research was to determine whether commercial proteases are capable of hydrolyzing denatured poultry by-product proteins that have gone through a rendering process. The material used for this research was low-ash poultry meal obtained from a local poultry processor. Samples of poultry meal were treated with the commercial proteases Alcalase, Flavourzyme, Protamex, and Liquipanol that were added individually or as a combination of 2 proteases, which were incorporated either simultaneously or sequentially. Temperature was controlled during the reaction to the optimal level for each enzyme, and pH was initially adjusted to the most favorable level for each enzyme and was maintained during the course of the reaction by addition of NaOH at established intervals. Consumption of NaOH was used to calculate the degree of hydrolysis. At the end of the hydrolysis, the molecular weight of selected hydrolysates was determined by size exclusion chromatography and by gel electrophoresis. In addition, amino acid analysis was performed on selected hydrolysates. Results show that the sequential treatment with Alcalase and Flavourzyme served best for the preparation of poultry meal hydrolysates with a maximum degree of hydrolysis of 11.1% and the highest hydrolyzable material recovered at 58%, which is attributed to the combined nature of the endo-and exocatalytic action of Alcalase and Flavourzyme, respectively. Hydrolysate with Flavourzyme or the combination of Flavourzyme and Alcalase were both good methods to produce significant amounts of free amino acids. This research shows the feasibility of hydrolyzing poultry by-products that went through a rendering process using different brands of commercial proteases. Findings from this research are important in the preparation of palatants, in which relatively inexpensive hydrolyzed poultry meal could be used to improve the flavor of companion animal food products.
INTRODUCTION
Protein hydrolysis is widely used in the food industry for multiple applications such as elimination of allergenicity, production of flavors, detoxification, and improvement of nutritional quality (Rolle, 1998; Dust et al., 2005; Sathe et al., 2005) . Low molecular weight peptides (hydrolysates) and free amino acids are currently being used as fertilizers, in the production of cosmetics (Chvapli and Eckmayer, 1985) , as high-protein feed ingredients, and palatability-enhancing agents for use in animal foods (Dust et al., 2005; Folador et al., 2006) .
During enzymatic hydrolysis, proteins are cleaved to smaller peptides and to free amino acids affecting their primary, secondary, tertiary, and quaternary structures (Kamnerdpetch et al., 2007) . The native structure of proteins is, in most cases, crucial in its recognition by proteases. The catalytic sites of proteases are flanked on one or both sides by specific subsites that can accommodate side chains of particular amino acids from the substrate (Rao et al., 1998) . The molecular structure of a substrate matches that of the enzyme so that the substrate can fit into the enzyme molecule like a key in a lock. Without the match, an enzyme is not able to carry out a particular chemical reaction and, in the particular case of proteases, proteolytic activity is, in general, better in proteins that have not been denatured. This poses a major concern on the use of proteases to hydrolyze proteins that have undergone a change in their structure as a result of rendering.
Rendered proteins are produced by heating animal by-products with the purpose of recovering fat and protein that are used as feed ingredients for animal foods (Urlings et al., 1993; Cramer et al., 2007) . Rendered proteins from poultry are used in the manufacture of kibbles for companion animals such as cats and dogs. Kibbles contain the nutritional value required by these animals, but the flavor profile needs to be improved through the addition of palatability enhancers, such as poultry fat or tallow, to make them more appealing to pets. As an alternative to fats, enzymatic protein hydrolysates could be used to make pet food more palatable. Because poultry meals are an integral part of pet food products, they could be good starting materials to produce palatability enhancers using enzymatic hydrolysis; however, the technical viability of enzyme uses needs to be tested for the reasons expressed previously.
In this paper, we report the results of a study that was conducted to determine the effectiveness of enzymatic hydrolysis of low-ash poultry meal obtained from a rendering facility. By using the proper combination of industrial endo-and exopeptidases, we demonstrated that rendered material can be enzymatically hydrolyzed and its degree of hydrolysis (DH) can be controlled with the use of specific enzymes and variable times of hydrolysis.
MATERIALS AND METHODS

Materials
Low-ash poultry meal was obtained from a local poultry processor in Springdale, Arkansas. Disodium tetraborate, o-phthaldialdehyde, dl-dithiothreitol, and an amino acid standard kit were purchased from Sigma-Aldrich (St. Louis, MO); SDS and acetonitrile from EMD (Gibbstown, NJ); and methanol and HPLC-grade water from J. T. Baker (Philipsburg, NJ). Sodium phosphate was from VWR International (West Chester, PA), and Coomassie Brilliant Blue stain and broad-range molecular weight standards for SDS-PAGE were from BioRad (Hercules, CA). Alcalase (2.4 Anson units/g) and Flavourzyme (1.0 leucine peptidase units/g) were from Novo Nordisk (Clayton, NC). Protamex Plus PMNF 0005 (1.5 Anson units/g) was from DSM Nutritional Products Inc. (Des Moines, IA), and Liquipanol T-200 (200 tyrosine units/mg) was from the Enzyme Development Corporation (New York, NY).
Methods
Hydrolysis experiments were started by suspending 100 g of poultry meal in 400 mL of deionized water under stirring in a 1,000-mL beaker that was placed on a magnetic stirring hot plate equipped with an external temperature probe for accurate temperature control of the mixture. The suspension was adjusted initially to the appropriate temperature and pH before adding the proteases according to the experimental conditions presented in Table 1 .
Once enzymes were added, the pH of the reaction was monitored constantly and the pH was adjusted to the optimal level by addition of 5.4 N NaOH every time it decreased 0.1 units from the optimal pH. The NaOH was dispensed from a burette, and the recorded consumption was later used for the calculation of DH. The hydrolysis was considered finished when no significant consumption of NaOH was noticed.
Once the hydrolysis runs ended, enzymes were deactivated by heating the mixture to 85°C for 15 min. The resulting hydrolysates were centrifuged at 1,000 × g for 30 min at 4°C using an Allegra X-22R centrifuge (Beckman Coulter, Fullerton, CA) to separate the soluble hydrolyzed material from the unhydrolyzed residue.
Calculation of DH
The DH, defined as the percentage of peptide bonds cleaved, was computed with equation [1] proposed by Adler-Nissen (1984) that is based on the amount of base consumed:
where B = base consumed in milliliters; N B = normality of the base; α = average degree of dissociation of α-NH 2 ; MP = mass of protein; H tot = total number of peptide bonds in the protein. The adopted values for α and H tot were 1.0 and 7.6 (the same as for meat), respectively, and were taken from Adler-Nissen (1984) . Both values were assumed to be constant during the course of the hydrolysis.
Freeze-Drying and Recovery of Hydrolyzable Material
After centrifugation, the aqueous phase was transferred into aluminum pans and was freeze-dried in a Labconco (stoppering tray dryer) freeze dryer (Kansas City, MO) under vacuum (45 × 10 −3 millibars and a temperature of −44°C) for 48 h to recover the hydrolyzed soluble material. After freeze-drying, the percentage of the hydrolyzed material was obtained by using equation [2] :
where Wh = percentage of hydrolyzable material; FDH = mass of freeze-dried hydrolysates in grams; and MP = mass of poultry meal initially added (100 g).
Size Exclusion HPLC Analysis
Size exclusion HPLC was performed on the hydrolysates to obtain profiles of the different hydrolysates. Samples were filtered through 0.45-μm syringe filters (Sigma-Aldrich) before injection into a 9.4 mm i.d. × 25 cm Zorbax GF-250 column (Agilent Technologies, Santa Clara, CA). The injection volume was 5 μL and the mobile phase was 0.2 M Na 2 HPO 4 buffer (pH 7.0) that was run isocratically at a flow rate of 1.0 mL/min. Elution was monitored at 214 nm using a UV detector. Approximate molecular weights of hydrolysates were determined using albumin (66 kDa), carbonic anhydrase (29 kDa), cytochrome c (12.4 kDa), and aprotinin (6.5 kDa) as molecular weight standards.
SDS Gel Electrophoresis
Sodium dodecyl sulfate gel electrophoresis was used to analyze the hydrolysates according to the procedure used by Laemmli (1970) using a 4% stacking gel and a 13% separating acrylamide gel. All samples were centrifuged at 13,400 × g for 5 min, after which the supernatant was loaded to the gels. The separating gel was run at a constant current of 20 mA for 3 h, and at the end, gels were stained with Coomassie Brilliant Blue R-250. The molecular weights of protein hydrolysates were estimated by using the Bio-Rad broad-range molecular weight standard consisting of myosin (207.354 kDa), β-galactosidase (114.363 kDa), BSA (78.444 kDa), ovalbumin (53.086 kDa), carbonic anhydrase (35.719 kDa), soybean trypsin inhibitor (28.329 kDa), lysozyme (19.325 kDa), and aprotinin (6.973 kDa).
Amino Acid Analysis
Amino acids were analyzed by reverse-phase HPLC with o-phthaldialdehyde derivatization according to the method described by Henderson et al. (2000) . The HPLC system was a Shimadzu system consisting of binary pumps (LC20AB), auto sampler (DGV-20A3), column oven (CTO-20A), UV-visible detector (SPD-20AV), and degasser (DGV-20A3) (Shimadzu Corporation, Kyoto, Japan). Separations were attained using a 4.6 × 150 mm particle size (5 μm particle size) reversephase Zorbax Eclipse AAA column equipped with a 4.6 × 12.5 mm guard column (Agilent Technologies). The injection volume was 10 μL and the analytes were eluted with a gradient of phosphate buffer pH 7.8 (eluent A) and acetonitrile:methanol:water 45:45:10% (vol/ vol/vol) (eluent B). The solvent was delivered to the column at a flow rate of 2 mL/min with the following gradient: from 0 to 1.9 min 0% B, from 1.9 to 20 min a linear gradient to 76% B, from 20 to 21 min a linear gradient to 100% B, from 20 to 24 min 100% B, from 24 to 28 min a liner gradient to 0% B, and from 28 to 30 min 0% B. Detection was performed with the UVvisible detector set at 338 nm. Amino acids were identified using an amino acid standard kit (Sigma-Aldrich) containing alanine, arginine, asparagine, aspartic acid, cystine-cysteine, glutamic acid, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine-valine, phenylalanine, serine, threonine, tyrosine, and tryptophan.
A 5-point calibration curve was generated with the amino acid mix between 4.5 and 450 pmol/L for each amino acid. Samples were diluted to levels that ensured concentrations between the lowest and highest level of the calibration curve, thus avoiding any extrapolation.
Calculation of CI
The results of amino acid analysis and DH were expressed as CI for the mean as follows:
where x = sample mean; z = 1.96 = the z-value corresponding to a 95% CI; s = SD for the sample; and n = sample size.
RESULTS AND DISCUSSION
Poultry meal was hydrolyzed successfully to different degrees of hydrolysis using a variety of industrial proteases at the conditions presented in Table 1 . The total history of the course of the hydrolysis for each enzyme system was plotted in 2 graphs that grouped the results based on the DH. Figure 1 shows the enzyme systems with the highest DH, whereas Figure 2 shows the lower end. Both plots illustrate that the enzymatic hydrolysis was characterized by an initial rapid increase in the DH during the first 50 min, which is an indication of a large number of peptide bonds being cleaved. The rate of the enzymatic hydrolysis subsequently decreased in a curvilinear fashion until time reached around 100 min. After that, most of the reaction hydrolysis followed a linear trend that was maintained until the end of each experiment. This behavior is similar to those reported for fish (Soussi et al., 2007) and whey proteins (Mutilangi et al., 1995) .
The rapid decrease in the reaction velocity after the first 50 min (Figures 1 and 2) could be explained by the potential inhibition of the enzyme by the products [as proposed by Quagli and Orban (1987) and Guerard et al. (2001) ], by the effect of products as substrate competitors, by the decrease in available hydrolysis sites, or by enzyme autodigestion (Constantinides and AduAmankwa, 1980; Soussi et al., 2007) .
At the end, the highest DH (11.13%) was obtained with Alcalase and Flavourzyme added sequentially and the lowest with Flavourzyme alone (2.5%). Combinations of Alcalase and Flavourzyme have shown to be more successful in terms of achieving higher degrees of hydrolysis than using Alcalase alone. The combination of Alcalase and Flavourzyme had the benefit of the Alcalase endopeptidase action combined with the exopeptidase capability of Flavourzyme. Alcalase is a wellknown nonspecific endoprotease broadly used for the generation of protein hydrolysates (Adler-Nissen, 1986) . Starting the hydrolysis with Alcalase achieves predigestion that increases the number of N-terminal sites available for the exopeptidase action of Flavourzyme. Mixtures of endo-and exopeptidases are often preferred because single enzymes cannot produce an extensive hydrolysate in a reasonable period of time (Lhal and Braun, 1994) . Even when the difference is not substantial, the simultaneous use of Alcalase and Flavourzyme produced a lower DH than when they were added sequentially. Most likely, the reason is that both enzymes have different optimal pHs. When the enzymes were used together, the reaction pH was adjusted to the optimal for Alcalase, which is 1 unit below the optimal for Flavourzyme. In the case of the sequential addition of Alcalase followed by Flavourzyme, the pH was adjusted initially for Alcalase and, right before adding the Flavourzyme, the pH was adjusted to the optimal for this enzyme.
Hamada (2000) used Alcalase and Flavourzyme for the hydrolysis of rice bran, achieving degrees of hydrolysis of 7.5 and 8.8%, respectively. The difference in the DH observed between his studies and this study may be attributed to the nature and origin of the starting materials used in the analysis.
As shown in Table 2 , a range of intermediate degrees of hydrolysis were obtained with other enzymatic systems. Protamex has produced a similar DH than the sequential combination of Alcalase and Flavourzyme. Liquipanol was tried for 2 different temperatures and 2 pHs and the results showed lower degrees of hydrolysis (3.05 to 5.60) than for Alcalase and Protamex. Liquipanol is a papain-based enzyme that is very aggressive in the liquefaction and hydrolysis of meat-type proteins. Likely, the denatured state of poultry meal made Liquipanol less effective in achieving high degrees of hydrolysis than the other enzymes tested.
Recovery of Hydrolyzable Material
The calculated yields of hydrolyzable material (using equation [2] ) from the different proteolytic enzymes varied between 32.4 and 58.1% as shown in Table 3 . Low-protein hydrolysate recovery was observed in samples hydrolyzed with Flavourzyme alone (32.4%). The highest recovery came from the sequential hydrolysis of Alcalase followed by Flavourzyme (58.1%). Intermediate values were obtained for Protamex, Alcalase, and Liquipanol alone under different temperature and pH conditions. The type of enzymes used and the conditions of the hydrolysis had a marked effect on the yield of the final product. Based on this study, the hydrolysis reaction at 50°C, which used Alcalase at pH 8 followed by the sequential addition of Flavourzyme at pH 7.0, yielded the highest recovery of hydrolyzable material.
Characterization of Molecular Weight
Molecular weight patterns of hydrolysates obtained by the sequential hydrolysis of Alcalase and Flavourzyme, Alcalase (7 h), and Flavourzyme determined by SDS gel electrophoresis are shown in Figure 3 . The electrophoretic patterns showed that the hydrolysates with DH ≥9.4% were composed of peptides with molecular weights below 14,000 Da. Hydrolysates obtained with Alcalase and Flavourzyme (lane 2) added sequentially indicated accumulation of low molecular peptides. The electrophoretic pattern also indicated that the hydrolysate from Flavourzyme with a DH <3.0% (lane 4) comprised peptides of higher molecular weight (>30,000 Da). Molecular weight distribution of peptides obtained with Protamex and Liquipanol showed similar results to that of Alcalase (data not shown). The mode of action of Protamex and Liquipanol was similar to that of Alcalase (lane 3), which hydrolyzed proteins from the interior outward and resulted in a mixture of polypeptides of varying chain lengths (Pommer, 1995) .
The molecular weight distribution of hydrolysates was studied also using size exclusion chromatography and the results are presented in Figure 4 . These chromatograms were used to compare the molecular weight distributions of 4 hydrolysates, which are correlated with the retention time of the compounds. To assist in the estimation of molecular weights of the hydrolysates, markers of different molecular weights were injected in separate runs and a regression equation that relates molecular weight (MW) and retention time (RT) was established as follows: ln(MW) = −0.6802(RT) + 11.719 (R 2 = 0.987). Chromatograms of the markers were not included in Figure 4 ; instead, vertical lines were drawn at the approximate retention times for each marker. Chromatograms for hydrolysates obtained with Protamex, Alcalase alone for 7 h, and sequential combination of Alcalase followed by Flavourzyme show a major peak at around 27 kDa. In addition, the chromatogram for Alcalase followed by Flavourzyme shows a significant shoulder at around 13.5 kDa, which is indicative of the formation of shorter peptides by the exopeptidase action of Flavourzyme.
When Flavourzyme is used alone, the chromatogram does not show a sharp peak as with the previous enzyme combinations; instead, it shows a rounded peak with a maximum at 29 kDa and 2 shoulders at approximately 13.5 and 9.4 kDa, which are coincidental with the shoulder peaks for the sequential combination of Alcalase followed by Flavourzyme. This can be explained by the presence of both endo-and exopeptidase activity of Flavourzyme. The exopeptidase activity of this protease generated a pool of small peptides and free amino acids as seen in Table 4 . Similar observations were made by Seo et al. (2008) showing that hydrolysis of soy protein with Flavourzyme generated a significant amount of amino acids. Hydrolysates obtained with Alcalase and Protamex, on the other hand, showed a broad range of medium-size and low molecular weight polypeptides. As expected for an endopeptidase, the use of Alcalase alone resulted in a very low production of free amino acids; however, when combined with Flavourzyme, the production of amino acids increased significantly (Table 4) . Moreover, the combination of Alcalase and Flavourzyme produced a significant increase in the production of free amino acids in reference to Flavourzyme alone.
The effect of adding Flavourzyme to proteins already hydrolyzed by Alcalase resulted in an additional reduction in peptide size and in a critical increase in the This research showed the feasibility of hydrolyzing poultry by-products that have been subjected to rendering. It also exhibited that the DH can be controlled with the proper combinations and sequential addition of enzymes, temperature, pH, and the length of time for digestion. Thus, poultry meal by-product can be processed using commercially available industrial proteases into hydrolysates containing a mixture of lower Table 4 . Content of free amino acids in selected hydrolysates at the end of the hydrolysis with Alcalase for 7 h, Flavourzyme only, and sequential hydrolysis with Alcalase followed by Flavourzyme 1 molecular weight proteins and amino acids that can be potentially used for important industrial applications in the preparation of companion animal food products.
